To test the inherent hexachlorobenzene ͑HCB͒ dechlorination ability of indigenous consortia in Taiwan, microbes from four non-HCB-contaminated river sediments were collected and directly introduced to dechlorination experiments without any acclimation and enrichment. In natural sediment-extracted waters, when amended with 5 g/L of yeast extract, all four sets of sediment microorganisms initiated HCB dechlorination after 60 days. Without yeast extract, there were only two sets of microbes-dechlorinated HCB during a 150-day incubation period. On the other hand, in the artificial synthetic media amended with 5 g/L of yeast extract, all microbes from four sediments showed HCB-dechlorinating activity after 45-60 days of lag phases and completed dechlorination in latter 30 days. In all HCB-dechlorinated sets, dechlorination was accompanied by significant methane generation and the drop of oxidation-reduction potential ͑ORP͒. The results indicated that there were HCB-dechlorinating consortia grouped by the indigenous microorganisms in the river sediments of Taiwan, even though these sediments had not been contaminated by HCB before. In addition, the dechlorination could occur when the environmental conditions were suitable for the dechlorinating consortia to be enriched, and then the ability for HCB decomposition was built up.
Microbial Dechlorination of Hexachlorobenzene by Untamed Sediment Microorganisms in Taiwan Introduction
Hexachlorobenzene ͑HCB͒ was produced and used as fungicide and industrial synthetic material. It was also generated as a byproduct in solvents and chlorinated chemicals manufactures throughout the world. Due to decades of uncontrolled releases and spread, sites of chemical industries had been contaminated with this hazardous compound ͑Pearson 1982; Langlolis and Sloterdijk 1989͒ . HCB was well known as an organic priority pollutant of critical environment because of its specific properties, such as carcinogenicity and bioaccumulation. Clean-up methods for chlorinated benzenes ͑CBs͒ pollution, such as biological treatment by aerobic microbes, were of interest and have been evaluated. However, aerobic biotreatment could only decompose lesschlorinated benzenes, such as monochlorobenzene ͑MCB͒, dichlorobenzenes ͑DCBs͒, and trichlorobenzenes ͑TCBs͒ ͑De Bont et al. 1986; Bestteti et al. 1992; Haigler et al. 1992͒ . For highly chlorinated compounds such as pentachlorobenzene ͑PCB͒ and HCB, it was ineffective to introduce microorganisms directly for biodegradation. In other words, the bulk chlorine atoms, which occupy the benzene ring, seriously block the aerobic biodegradation of these compounds. The removal of chlorines from the benzene ring through anaerobic dechlorination has been studied by using acclimated or enriched microorganisms ͑Holliger et al. 1992; Nowak et al. 1996; Chen et al. 1997͒ . In simulating naturally occurring reductive dechlorination, sediments were incubated with mineral media for assays of HCB dechlorination ability directly, without any acclimation and enrichment ͑Prytula and Pavlostathis 1996; Rosenbrock et al. 1997͒ . In these studies their findings in dechlorination extent and patterns were quite different from each other. However, all research suggested that HCB-dechlorinating consortia originally existed in these sediments.
In fact, to protect or remedy the environment from HCB contamination, the dechlorinating activities investigated in natural habitats were more essential than those established in laboratories. This study was therefore dedicated to assess the dechlorination of HCB by the indigenous microbes collected from different river sediments in Taiwan, which were all free from HCB pollution. In order to explore their inherent dechlorination ability, these microbes were introduced to dechlorination experiments without any acclimation by HCB. The transformation of incubation condition for initializing HCB dechlorination was also studied by measuring the production of methane, the change of ORP values, and pH values.
Materials and Methods

Sediments and Chemicals
Four sediments from different rivers were sampled. Two of them were collected from Erh-Jen River in Tainan county ͑E1 site: beneath the Nan-Ding Bridge located in the down stream, and E2 site: beneath the Erh-Tsen-Si Bridge located in the middle stream͒, and the other two were sampled from Ho-Tsin River in Kaohsiung city ͑H1 site: beneath the Ho-Tsin Bridge located in the middle stream, and H2 site: near the Lan-Chun Bridge located in the down stream, passing by the Si-Chin-Poo Landfill͒. Both Erh-Jen River and Ho-Tsin River are located in southern Taiwan. The sediments were contaminated by polychlorinated biphenyls ͑PCBs͒ and heavy metals ͑E1͒, stock waste waters ͑E2͒, petrochemical effluent ͑H1͒, or land-filled leachate ͑H2͒. Note that no detectable HCB was found in any of the sediments. CB congeners including MCB, 1,2-, 1,3-and 1,4-DCB, 1,2,3-, 1,2,4-and 1,3,5-TCB, 1,2,3,4-, 1,2,3,5-and 1,2,4,5-Tetrachlorobenzene ͑TeCB͒, PCB and HCB were purchased from Riedel-de Haen Chemical Co. ͑Seelze, Germany͒.
Media
Whenever the sediment was brought back into the laboratory, after the surface water was carefully removed, the fresh and watery sediment was filtrated by filter papers ͑Whatman No. 1͒. The filtrate was collected and ready for the extraction of sediment. Then, the filtrate was remixed with a part of the filtrated sediment with a volume ratio of 2:1, and shaken for 30 min. The supernatant, denoted as the sediment water ͑SW͒, was withdrawn, autoclaved, and introduced in dechlorination experiment as the medium.
A synthetic mineral medium ͑MM͒ was also established, consisting of NH 4 Cl, 2.7 g/L; 
Inoculum
Inoculation sources of sediment microorganisms used in HCB dechlorination were derived from sediment extracts. Collected sediment was mixed with the synthetic mineral medium ͑1:1, v/v͒, and shaken by hands for 1 min. Afterwards, the supernatant was drawn, kept in bottles, flushed with deoxygenated N 2 , and then sealed to be stored for two weeks at room temperature. In addition, some acclimated and enriched mixed cultures were employed in HCB dechlorination for comparing with untamed anaerobic consortia. All the acclimation procedures were based on the previous study ͑Chen et al. 2001͒, and the HCB-acclimated mixed culture was prepared by amending HCB to a concentration of 0.2 mg/L within the mixture of sediment and MM ͑1:2, v/v͒. After four months of acclimation, the mixed cultures were removed from serum bottles to test the dechlorination ability.
Dechlorination Experiments and Analytical Methods
After 2 mg/L of HCB was added, the serum bottles which contained 45 mL of the medium and 5 mL of the inoculum were incubated at 30°C. The dechlorination procedures have been described in detail ͑Chen et al. 2000, 2002͒ . At designated intervals, 2 mL of the incubated culture sample was taken from the serum bottle using a syringe. The CB congeners were extracted three times by n-hexane, and they were analyzed by a gas chromatography equipped with an ECD ͑Hewlett Packard 4890, Rockville, Md.͒ and a DB-5 fused silica capillary column. The oven temperature was maintained at 80°C for 5 min, raised to 120°C at 5°C/min, maintained for 2 min, and then raised again at 5°C/min to the final temperature of 200°C, which was held for 5 min. The temperatures of the injector and the detector were set at 280°C and 300°C, respectively. Nitrogen gas was employed as the carrier and the make-up gases. The liner velocity was 16 cm/s and the split ratio was kept at 10:1.
Methane production was monitored by a GC ͑Hewlett Packard 5890, Rockville, Md.͒ equipped with a packed column ͑Porapak Q, Supecol, Pa.͒ and a thermal conductivity detector ͑TCD͒. The oxidation-reduction potential ͑ORP͒ and pH were measured with a digital pH/mV meter equipped with pH and ORP electrodes. The COD concentrations of sediment waters were determined according to the standard method of NIEA w510.50A ͑EPA, ROC͒.
Results and Discussion
Characteristics of Sampling Sites
All sediments were sampled in October 2001. During that period of time, the water quality parameters investigated by the EPA of the Republic of China were listed as follows: E1 site-DO 3.5 ͑mg/L͒, BOD 23.0 ͑mg/L͒, pH 7.6; E2 site-DO 4.3, BOD 20.2, pH 7.5; H1 site-DO 4.3, BOD 25.8, pH 7.5; H1 site-DO 1.7, BOD 11.4, pH 7.0. The E1 site was contaminated by heavy metals and PCBs; the concentrations of zinc, copper, and PCBs were 137 mg/L, 56 mg/L, and 4 mg/L, respectively. The E2 site is upstream of the E1 site; it was simply polluted by stock wastewater. At the H1 site, the river received water from a known petrochemical industry area in southern Taiwan named Jen-Dah industrial park. Therefore, it was heavily contaminated by the illegal discharge of petrochemicals. The H2 site is about 5 km downstream of the H1 site; it was also contaminated by petrochemicals, but at this site the river gathered also the leachate from the Si-Chin-Poo Landfill Site.
Dechlorination in Natural Sediment Waters
The COD concentrations of extracted sediment waters, which were used as media, from the sites of E1, E2, H1, and H2 were 182, 224, 122, 193 mg/L, respectively. After 150 days of incubation in sediment waters, two sets of sediment microbes, E2 and H2, showed HCB-dechlorination ability in similar rates, patterns, and extents, but the other two did not dechlorinate HCB ͑Fig. 1͒. Dechlorinating consortia in the E2 and H2 sets initiated HCB dechlorination with a lag phase of 75 and 90 days, and decomposed 36 and 42% of HCB, respectively. Although HCB was not completely transformed, it indicated that the unacclimated consortia were capable of dechlorinating HCB in sediment waters, and the spontaneous HCB dechlorination in natural environment was possible.
Because the dechlorinating intermediates and products were 1,2,3,5-ϩ1,2,4,5-TeCB ͑coeluting congeners͒, 1,2,4-TCB and 1,3,5-TCB, the dechlorination patterns in both sets followed the major pathway: HCB→PCB→1,2,3,5-TeCB→1,3,5-TCB, and the minor pathway: HCB→PCB→1,2,4,5-TeCB→1,2,4-TCB→1,2-DCB and/or 1,3-DCB and/or 1,4-DCB, as described in previous studies ͑Nowak et Chen et al. 2000 . As Chen et al. ͑2001͒ have suggested, the untamed microbes in Taiwan favorably dechlorinated HCB by the dechlorination reactions with a larger amount of energy releasing and greater differential of chromatographic properties. Compared with the infrequent pathway: HCB→PCB→1,2,3,4-TeCB→1,2,3-TCB→1,2-and 1,3-DCB→MCB, both major and minor pathways agree closely
with the suggestion. By following favorable pathways, the other HCB-dechlorination studies by various untamed anaerobic consortia also have similar dechlorination patterns ͑Prytula and Pavlostathis 1996; Van Hoof and Jafvert 1996͒. As shown in Fig. 1 , the disappearance of 1,2,4-TCB did not generate any dechlorination product. The reason for the absence of the minor pathway products, 1,2-, 1,3-or 1,4-DCB, might be that the concentrations of these compounds were under the detection limits ͑0.1 mg/L for each͒.
Two phenomena were fundamental in evaluating HCB dechlorination, involving the production of methane and the dropping of ORP value ͑Prytula and Pavlostathis 1996; Chang et al. 1998; Chen et al. 2002͒ . Both phenomena revealed the degree of anaerobic conditions, especially the activity of methanogens and its microbes that were identified to be the major factor in HCB dechlorination in many studies ͑Nowak et al. 1996; Middeldorp et al. 1997; Rosenbrock et al. 1997͒ . As shown in Fig. 2 , the two dechlorinating sets, E2 and H2, produced methane about threefold of the undechlorinating sets. The massive methane production period for E2 and H2 sets ͑day 60-100͒ was strongly related with the period of dechlorination. By comparing the ORP values, it was found that the E2 and H2 sets provided more anaerobic conditions than the two sets of E1 and H1, and the conditions were Fig. 1 . HCB dechlorination by indigenous microorganisms from river sediments using natural sediment waters as media. Dechlorinating intermediates and dechlorination products were also illustrated. Control sets were made without inoculation. Fig. 2 . Methane production and oxidation-reduction-potential ͑ORP͒ value variation during HCB dechlorination experiments by indigenous microorganisms from river sediments in Taiwan and using natural sediment waters as media Fig. 3 . HCB dechlorination by indigenous microorganisms from river sediments using natural sediment waters plus 5 g/L of yeast extract as media. Dechlorinating intermediates, dechlorination products, and methane production were also illustrated. suitable for the growth of strictly anaerobic microorganism as well as for the generation of reductive reactions. However, during the period of dechlorination, the lowest ORP values in the two sets of E2 ͑Ϫ363 mV͒ and H2 ͑Ϫ343 mV͒ were higher than the dechlorinating sets ͑ϽϪ500 mV͒ reported by Chang et al. ͑1998͒. The change of pH value during incubation was insignificant and ranged from 7.2 to 7.8 in all experiments.
Dechlorination in Sediment Waters Amended with Yeast Extract
Increasing the organic contents by amending 5 g/L of yeast extract ͑YE͒ in SW media made sediment microorganisms more vigorous in consuming oxygen and turned the incubating condition into strictly anaerobic. After 30 days of incubation, methane was massively produced and dechlorination was initiated in the sets of E2 and H2 ͑Fig. 3͒. Although the lag phase for the two sets of E1 and H1 was 30 days longer than that for the E2 and H2, these four sets showed effective HCB dechlorination and complete transformation before day 110.
For sediment microorganisms except the set of E1, significant similarities were found between the dechlorination sets of 5 g/L and 1 g/L YE amendment ͑Table 1͒. The anaerobic consortium from the E2 site, with 5 g/L or 1 g/L YE amended, completed dechlorination before the 90th day. In this case, the same intermediates, final products, and an almost equal amount of highest methane concentrations were produced. In addition, the similar lowest ORP values were also observed. The results in the sets of H1 and H2 were analogous to the set of E2. However, for the E1 set, the completing day of dechlorination, methane production, and ORP values were quite different for those amending 5 g/L and 1 g/L of YE. As listed in Table 1 , 1 g/L of YE amendment seemed unable to accelerate dechlorination like 5 g/L of YE did in the E1 set. Regarding the heavy metals and PCBs in SW of the E1 set, the toxicants might inhibit the activity of dechlorinating consortia, and force them to utilize more nutrients in building up the dechlorinating activity. This presumption was supported by the successive experiments in the set of E1 microorganisms in MM ͑5 g/L and 1 g/L of YE͒. Table 2 indicates that with the replacement of SW by MM, there was no difference in dechlorination between the two YE amendments. However, when the YE amendment was 0.1 g/L, the dechlorination of the four sets ͑Table 1͒ was not distinct from the unamended sets.
Dechlorination in Mineral Media Amended with Yeast Extract
Using MM with 5 g/L of YE amendment as media, HCB dechlorination was enhanced more than using SW ͑Table 2͒. A notable event about the presence of 1,3-/1,4-DCB was considered as that the powerful dechlorinating consortia dechlorinated HCB to 1,2,4-TCB and then to 1,3-/1,4-DCB quickly; therefore, we could catch and extract them before emitting into the headspace. However, in the sets with 1 g/L of YE amendment, 1,3-/1,4-DCB were detected in the set of H2 only. Similar to the results of the SW sets in Table 1 , 5 g/L and 1 g/L of YE amendment enhanced HCB dechlorination to the same degree, but the set with 0.1 g/L YE showed poor dechlorination. It suggested that 1 g/L of YE amend- 
Dechlorination by HCB-Acclimated Sediment Microorganisms
To verify the dechlorination ability, the HCB-acclimated mixed cultures were inoculated in the serum bottles containing MMϩYE ͑5 g/L͒ and HCB ͑2 mg/L͒. As shown in Fig. 4 , the acclimated microorganisms of all sets dechlorinated HCB effectively within a short lag phase of 6 days, and transformed HCB completely within 12-18 days of incubation. Similar to unacclimated microorganisms, the sets that dechlorinated HCB had higher methane productions and lower ORP values than the sets that cannot dechlorinate. However, the dechlorination pathways were different. By acclimated mixed cultures, HCB was dechlorinated dominantly through the major pathway rather than the minor pathway. This finding agreed with results reported by Chang et al. ͑1997͒ and Chen et al. ͑2000, 2002͒ . The major pathway was the only dechlorination pathway for the long-term HCBacclimated mixed cultures to proceed down.
Evaluation of HCB Dechlorination Conditions
By analyzing the methane productions in all dechlorination experiments, there was no significant ''threshold of methane concentration'' to initiate dechlorination. As presented in Tables 1  and 2 , for the undechlorinating sets of H1/H1 SW/0.1 g/L and E1/MM/0.1 g/L ͑inoculum/medium/YE amendment͒, the highest methane concentration productions were 4.1 and 4.3 mg/L, respectively. Nevertheless, with the highest methane concentration of only 4.0 mg/L, the set of E2/MM/0.1 g/L did dechlorinate HCB. The ORP value might be a better indicator for HCB dechlorination because the lowest ORP value was below Ϫ300 mV in every HCB-dechlorinated set. In addition, there was the notable phenomenon that the occurrence of HCB dechlorination was accompanied by the outburst of methane production. The pH values in dechlorinating or un-dechlorinating sets were kept in a range of 7.0-8.0. According to the observations in this study and previous research, it should be recognized that in HCB dechlorination the dominant growth of methanogens was essential. However, the whole indigenous dechlorinating consortia, including methanogens and other bacteria, collaborated on building up a suitable anaerobic environment, which was also requisite to the biotransformation of HCB.
Conclusions
In the studies of pollutant biodegradation, the finding and culturing of microorganisms responsible for the degradation processes were thought to be primary issues. Many efforts were dedicated to purchase the degrading, utilizing, or dechlorinating bacteria, and power up their ability by enriching, acclimating, and isolating processes. However, for the removal of pollutants from natural environments, directly introducing exotic microbes and performing power-up processes were not inevitably applicable. Nurturing indigenous degrading microorganisms from polluted sites becomes more and more important, and the degradation ability of indigenous microbes should be evaluated. In this study, the dechlorination ability and dechlorinating activity of river sediment microorganisms in Taiwan were well investigated. HCBdechlorinating consortia were resident for the four collected sediments. Two of them could use natural sediment water as the sole nutrient source to dechlorinate HCB, and all of them build up the HCB dechlorinating activity by amending media with only 1 g/L of yeast extract. Although there was no heavily HCB-polluted environment in Taiwan, the abundance of HCB-dechlorinating microorganisms in Taiwan river sediments was a remarkable finding. Additionally, in Taiwan, there is growing recognition that the indigenous bacteria could be a reliable defense in protection of possible HCB contamination, and even in other types of pollution. Fig. 4 . HCB dechlorination by acclimated microorganisms using mineral medium plus 5 g/L of yeast extract as media. Dechlorinating intermediates, dechlorination products, and methane production were also illustrated.
